Several classes of drugs have been shown to cause drug-induced vascular injury (DIVI) in preclinical toxicity studies. Measurement of blood flow and vessel diameter in numerous vessels and across various tissues by ultrasound imaging has the potential to be a noninvasive translatable biomarker of DIVI. Our objective was to demonstrate the utility of high-frequency ultrasound imaging for measuring changes in vascular function by evaluating blood flow and vessel diameter in the superior mesenteric arteries (SMA) of rats treated with compounds that are known to cause DIVI and are known vasodilators in rat: fenoldopam, CI-1044, and SK&F 95654. Blood flow, vessel diameter, and other parameters were measured in the SMA at 4, 8, and 24 hr after dosing. Mild to moderate perivascular accumulations of mononuclear cells, neutrophils in tunica adventitia, and superficial tunica media as well as multifocal hemorrhage and necrosis in the tunica media were found in animals 24 hr after treatment with fenoldopam and SK&F 95654. Each compound caused marked increases in blood flow and shear stress as early as 4 hr after dosing. These results suggest that ultrasound imaging may constitute a functional correlate for the microscopic finding of DIVI in the rat.
INTRODUCTION
Acute arterial drug-induced vascular injury (DIVI) is a common finding in preclinical toxicity testing of drugs in dogs and rats. However, similar findings have not been documented in clinical trials or in the clinical histories of patients treated with drugs that demonstrated this effect preclinically, making the relevance of this finding unclear with respect to human risk (Kerns et al. 2005) . Concerns about the safety of these drugs persist primarily because current methods of clinical monitoring cannot accurately detect early vascular damage in humans (or, in animals) . Determining the relevance of preclinical DIVI in human risk assessment requires a better understanding of the mechanisms of injury, in addition to the development of sensitive and specific biomarkers for the clinical diagnosis of acute vascular damage and inflammation.
Published cases of DIVI, principally in rat mesenteric and canine coronary arteries, have demonstrated an association with marked decreases in blood pressure with reflex tachycardia following administration of compounds, for example, adenosine agonists and phosphodiesterase 3 (PDE3) inhibitors, with vasodilator activity (Enerson et al. 2006; Isaacs et al. 1989; Joseph et al. 1996) . These changes in systemic hemodynamics that lead to reflex tachycardia correlate with vascular injury and have been used to monitor for DIVI in the clinic (Kerns et al. 2005) . However, there are also examples in which compounds cause DIVI in these same arterial beds without correlative changes in systemic hemodynamics outside the normal physiological ranges (Mesfin et al. 1989) . It is hypothesized that localized changes in blood flow and arterial resistance occur in target blood vessels and are involved in the pathogenesis of lesion formation with vasoactive compounds. For example, endothelin receptor antagonists evoke >6-fold increases in dog coronary blood flow without major changes in heart rate and blood pressure (Mesfin et al. 1989; Louden et al. 2000) , and the PDE4 inhibitor CI-1044 causes significant local changes in rat arterial blood flow in vessels that are a target of DIVI (Korkmaz et al. 2009 ). Significant increases in rat mesenteric blood flow have also been observed with the PDE3 inhibitor SK&F 95654 at doses that induce DIVI (Gardiner and Joseph, unpublished observations) and the D 1 agonist fenoldopam (Lappe, Todt, and Wendt 1986) ; at doses that induce DIVI, however, these latter compounds also produce systemic hemodynamic changes.
One potential mechanism for lesion formation is alterations in shear stress (Joseph et al. 1996) . The vascular endothelium is generally subjected to two types of shear (frictional) forces that are due in part to blood flow patterns within the vessel itself: unidirectional laminar force and disturbed (turbulent or oscillatory) force. Endothelial cells respond differently to these types of shear forces and subsequently transfer these stimuli into distinctive phenotypes (Gimbrone, Nagel, and Topper 1997) . Endothelial cells exposed to a steady laminar shear stress adopt a quiescent anti-inflammatory, anti-thrombotic, and antiapoptotic phenotype (Malek, Alper, and Izumo 1999; Chappell et al. 1998) . In contrast, endothelial cells exposed to disturbed shear stresses and nonlaminar flow (oscillatory or turbulent) conditions display an activated phenotype (one implicated in the pathogenesis of vascular injury and disease) by rapidly transcribing a repertoire of genes for proteins involved in inflammation, coagulation, and proliferation (Brooks, Lelkes, and Rubanyi 2002; Chappell et al. 1998; Davies et al. 1986; Garcia-Cardena et al. 2001) .
Ultrasound imaging is a noninvasive technique that can measure blood flow and vessel diameter, which can then be used to calculate shear stress in numerous vessels in multiple tissues. In cardiovascular research, the measurement of flow-mediated dilation (FMD) using ultrasound represents a widely applied and prospectively validated clinical tool to assess vascular health (Charakida et al. 2010) . Until now, there have been few studies using ultrasound to measure similar endpoints in rodents to establish translation of vascular health across species. This has been due in part to technical limitations of relatively low-frequency ultrasound in the context of the small vessel size in rodents. The recent development of high-frequency transducers (with axial resolution of 30-50 mm), together with automated edge detection and analysis software, makes it possible to monitor and measure reproducibly, small changes in vessel diameter and flow in rat peripheral arteries with vessel diameters as small as 0.2 to 0.5 mm.
The promise of ultrasound imaging in a preclinical setting is that it provides a noninvasive functional measurement of changes in blood flow, associated shear stress, and other parameters that may correlate to lesion formation in specific tissues, thus potentially providing a mechanistic biomarker of DIVI that may also be translatable to man. The main objective of the studies described herein was to demonstrate the utility of high-frequency ultrasound imaging to evaluate functional changes in the superior mesenteric artery (SMA) of rats and to correlate these results with microscopic findings in response to treatment with vasodilators known to cause vascular injury. Although DIVI is typically found to occur in the second or third order vessels of the rat mesenteric arteries, we used the SMA as a surrogate for these smaller vessels as the SMA can be reproducibly located and measured using high-frequency ultrasound. Our findings demonstrate that localized increases in blood flow and shear stress in the SMA precede microscopic vascular lesions in the mesentery of rats treated with compounds known to cause DIVI in rats.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley (SD) rats were purchased from Charles River Labs (Wilmington, MA) and were approximately 200 g on receipt. All animals were maintained according to the National Institutes of Health (NIH) standards established in the Guide for the Care and Use of Laboratory Animals. The Pfizer Institute of Animal Care and Use Committee (IACUC) approved all experimental protocols. Rats were single-housed, had free access to water, and were fed a standard commercial laboratory certified rodent diet 5002 (PMI Feeds, Inc.). The testing facility maintained 12-hr light/dark cycle, with controlled temperature, humidity, and air changes.
In-life Studies
For ultrasound imaging, rats were anesthetized and maintained with 2% isoflurane/oxygen, and the abdomen and thorax were shaved and depilated of all fur (Nair, Church & Dwight Co) . Body temperature was measured by rectal probe and supported using a homeothermic imaging stage (VisualSonics, Toronto, ON) that also provided electrocardiogram (ECG) and respiration monitoring. Ultrasound images of the superior mesenteric arteries and right renal arteries were collected before and after drug treatment. Following baseline imaging, typically performed 24 hr prior to dosing, rats were randomized into groups (n ¼ 6-8) based on the diameter of the SMA.
Study 1: Separate groups of rats were dosed via oral gavage (PO) with either vehicle (5% methylcellulose) or 160 mg/kg CI-1044 (Pfizer Inc) and by subcutaneous (SC) route with either vehicle (saline) or 100 mg/kg fenoldopam mesylate (Sigma-Aldrich, St. Louis, MO). Study 2: Rats were dosed SC with either vehicle (dimethyl sulfoxide, 100%) or 200 mg/kg SK&F 95654 (Pfizer Inc).
All rats were imaged at baseline and then at 4, 8, and 24 hr after dosing. In study 1, separate groups of rats were euthanized at each time point following imaging. In study 2, rats were euthanized after imaging only at the 24-hr time point. Following euthanasia, blood was collected for biomarker analysis, and mesenteric tissues were collected for histological analysis.
Histology
Rats were euthanized under isoflurane gas anesthesia followed by exsanguination. At necropsy, the mesenteric arteries were collected and fixed in 10% neutral buffered formalin for 24 to 48 hr. After trimming, the tissues were processed on a Sakura Tissue Tek VIP through graded alcohols and cleared with xylene before being infiltrated with Paraplast Plus. The tissues were placed into embedding molds, covered with Paraplast Plus, and cooled on a chill plate. Blocks were cut at 5 microns, dried overnight, and stained with hematoxylin and eosin (H&E). Microscopic examination was performed and the lesions were graded as minimal (1), mild (2), moderate (3), marked (4), or severe (5). Grade 1-Minimal: a histopathologic change ranging from inconspicuous to barely noticeable but so minor, small, or infrequent as to warrant no more than the least assignable grade. Grade 2-Mild: a histopathologic change that is a readily noticeable but not a prominent feature of the tissue and/or may be considered to be of no functional consequence. Grade 3-Moderate: a histopathologic change that is a prominent but not a dominant feature of the tissue and/or may be considered to have limited impact on organ function. Grade 4-Marked: a histopathologic change that is a dominant feature and may be an overwhelming component of the tissue and/or may cause significant tissue or organ dysfunction. Grade 5-Severe: a histopathologic change that is consistently an overwhelming component or represents an end-stage feature of the tissue (i.e., total organ failure).
Imaging Procedure
The Vevo2100 (Fujifilm VisualSonics) system was used to obtain color Doppler, pulsed wave Doppler, and B-mode images of the superior mesenteric arteries, right renal arteries, and short axis of the heart (M-mode) in all study animals.
Using Vevo2100 software, the diameter of the SMA was measured in B-mode at each time point by placing a measurement caliper on the endothelium of the vessel anterior wall and the endothelium of the posterior wall as previously described (Gutierrez et al. 2002) . All vascular diameters were measured at the same pulse time representing the maximal diameter of any wall segment. This timing is the maximum diameter or when the maximum pulse is traveling through the measurement area. Doppler flow was measured on 3 heartbeats that were free of respiration noise for the analysis of peak systolic velocity (PSV), end diastolic velocity (EDV), and velocity time integral. M-mode analysis of the short axis of the heart was done by tracing the heart walls, which provides measures of cardiac output, and ejection fraction. Flow was calculated as: Â(diameter/2) 2 Â peak flow velocity (V). V is calculated by the ultrasound system as velocity time integral Â duration of heart cycle. Wall shear stress was calculated for readings over 3 heart cycles as: 8 Â m ÂV/diameter, where blood viscosity (m) was assumed to be constant at .035 dynÁs -1 Ácm -2 . Flow velocity represents the peak angle-corrected Doppler-flow velocity.
Statistical Analyses
Statistical analyses were conducted on the baseline-adjusted values of shear stress, blood vessel diameter, EDV, and PSV measured in the superior mesenteric arteries at 4, 8, and 24 hr post-dose to compare the compound-treated rats with the vehicle-treated rats. Separate analyses were conducted at each post-dose time point. For each study, comparisons of the compound-treated rats with the vehicle-treated rats were performed using one-sided Dunnett's test. 
RESULTS
Microscopic Findings
In study 1, selected rats were euthanized at 4, 8, and 24 hr (n ¼ 6) following imaging. Microscopic evidence of injury in the mesenteric arteries was observed at 24 hr post-dose and only in fenoldopam-treated animals (Figure 1 ). Lesions were characterized by mild to moderate perivascular accumulations of mononuclear inflammatory cells and fewer neutrophils, the latter were occasionally present within blood vessel walls. Mural hemorrhage and necrosis were also frequently seen. Vehicle-treated and CI-1044-treated rats had no histologic abnormalities.
In study 2, injury in the mesenteric arteries was observed in SK&F 95654-treated animals at 24 hr post-dose with minimal hemorrhage and apoptosis of the media smooth muscle predominating. Minimal vacuolation of the medial smooth muscle and minimal to mild perivascular cellular infiltrates were evident at 24 hr. There were no histologic abnormalities in vehicle-treated animals.
Ultrasound Imaging Analysis
Although the histological findings were located in the mesenteric arteries, these vessels cannot be imaged due to their small size, gut motion, and presence of food/air in the gut. Instead, the SMA was used as a surrogate vessel for monitoring changes in blood flow into the mesenteric vascular bed. The SMA was identified by locating the descending aorta near the portal vein and vena cava ( Figure 2 ) and following the aorta caudally to the SMA (Figure 3) . Once the B-mode acquisition was established, color Doppler was used to identify the region of highest blood flow, which was identified by turbid or mixedcolor Doppler, and spectral Doppler was used to collect images on a minimum of 3 consecutive heartbeats without respiration interference (Figure 4) . The diameter of the SMA was measured using the ultrasound system B-mode measurement software ( Figure 3) . These data were used to randomize rats to the different dosing groups, ensuring similar average vessel diameters were used in each cohort.
Statistical analysis of the various ultrasound measurements taken in studies 1 and 2 are shown in Table 1 . The table shows the mean and standard errors of the measurements, with the statistically significant comparisons noted. In study 1, ultrasound measurements of the SMA from fenoldopam-treated rats at 8 hr post-dose revealed significant increases in shear stress from pre-dose levels ( Figure 5 ), and significant decreases in vessel diameter from pre-dose levels when compared to the vehicletreated rats. In addition, the ultrasound measurements from fenoldopam-treated rats demonstrated significant decreases in EDV from pre-dose levels at 4, 8, and 24 hr post-dose compared to the vehicle-treated rats. Cardiac output remained relatively stable and did not change significantly in response to either treatment. Blood flow in the right renal artery (RRA) showed an increase from baseline at 4 and 8 hr post-dose, but was less than the flow increases observed in the SMA and was not associated with any lesion formation in the renal arteries. High-frequency ultrasound measurements from CI-1044treated rats revealed a decrease in EDV from pre-dose values at 24 hr post-dose when compared to vehicle-treated rats.
In study 2, SK&F 95654-treated rats experienced significant increases in PSV and shear stress relative to baseline at 4 and 8 hr post-dose ( Figure 5 ). Vessel diameter was not significantly altered with SK&F 95654 treatment. Cardiac output remained stable at 4 hr post-dose, but significantly increased at 8 and 24 hr post-dose in the SK&F 95654-treated rats compared to the vehicletreated rats. Unlike animals treated with fenoldopam, shear stress in these rats returned to baseline levels at 24 hr post-dose.
DISCUSSION
Within the pharmaceutical industry, the lack of qualified and translatable biomarkers for DIVI often results in the termination of compounds that cause vascular injury in preclinical toxicology studies. Heart rate and blood pressure have historically been used in the clinic to monitor compounds that cause (Kerns et al. 2005) . However, compounds causing DIVI without concomitant and marked systemic hemodynamic effects are not easily monitored in a similar manner, prompting the need for novel preclinical biomarkers of vascular injury. We describe an ultrasound imaging approach that, with further validation, may be a useful noninvasive mechanism-based biomarker for DIVI. In this report, we utilize three compounds (fenoldopam, CI-1044, and SK&F 95654) that are vasodilators known to cause systemic changes in blood pressure as proof of concept tools for occasions when regional changes may be expected. This approach is expected to be most useful when localized changes in hemodynamics are suspected in the pathogenesis of the vascular injury based on the nature of the lesion and/or the mechanism of action.
The technological advances in ultrasound imaging systems such as the Vevo2100 have provided a more precise tool for preclinical researchers to noninvasively quantify a wide variety of translatable imaging and functional biomarkers. This new broadband technology allows for identification and imaging of the superior mesenteric arteries that was previously not possible when using a single focal zone high-frequency (HF) ultrasound (Vevo770, VisualSonics; Figure 6 ). In the current study, vascular and cardiac scanning were performed with the Vevo 2100 micro ultrasound, which can discriminate to 30 to 50 mm resolution and allows for monitoring small changes in vessel diameter of rodents. Doppler signals collected in the SMA using this platform are more reliable than those captured by laser Doppler techniques where the lack of concurrent imaging may result in signal acquisition from other abdominal vessels. Magnetic resonance imaging (MRI) and other imaging tools have not yet reached the temporal resolution of HF ultrasound that is required to capture the often subtle changes in blood flow velocity and sheer. High throughput ultrasound imaging allows for acquisition of data from each animal in less than 5 min total time allowing for reduced time under anesthesia. In addition, capability to monitor cardiac function and the ability to prescreen vessels with the Vevo 2100 in B-mode for randomization of vessel diameter is an additional benefit of ultrasound, thus ensuring consistency of diameters across cohorts, and ability to preselect cohorts with consistent cardiac output and renal function.
The results of our studies demonstrate the utility of highfrequency ultrasound imaging for measuring changes in vascular function in arterial beds that are susceptible to vascular injury. The mesenteric vascular bed is often the site of predilection for DIVI in rats. Ultrasound evaluation of the superior mesenteric arteries of rats treated with D 1 agonist fenoldopam or the PDE3 inhibitor SK&F 95654 demonstrated that functional changes in shear stress, vessel diameter, and PSV or EDV precede the microscopic evidence of vascular injury (either the earlier time points assessed in the fenoldopam arm of this study in the fenoldopam-treated animals or the established literature-based timing of SK&F 95654 lesion formation). The most significant change following administration of SK&F 95654 to rats was increased PSV and shear stress relative to baseline at 4 and 8 hr post-dose. Similarly, fenoldopam treatment resulted in significant increases in shear stress from pre-dose levels at 8 hr postdose. At 24 hr after treatment with fenoldopam and SK&F 95654, microscopic vascular lesions were evident. In this study, histological samples from earlier time points were not examined microscopically for SK&F 95654. However, in our experience and based on previous reports, focal hemorrhage can be observed as early as 12 hr post administration of either SK&F 95654 or fenoldopam (Joseph 2000) .
The observations using HF ultrasound to image blood flow and vessel parameters in the SMA of rats is fully consistent with data previously reported with SK&F 95654. In that study, SK&F 95654, administered at the same dose of 200 mg/kg used in the current investigation, resulted in a significant increase in mesenteric blood flow in the presence of a decreased blood FIGURE 6.-Upgraded imaging technology allows for improved visualization of the superior mesenteric artery (SMA; white arrows) in the rat. (A) An earlier system (Vevo770, top) employed a single focal zone and did not have the ability to clearly distinguish the SMA. (B) The current system (Vevo2100 bottom) employs broadband technology that helps to identify this vessel. pressure, demonstrating increases in mesenteric arterial conductance (Joseph 2000) . The current investigation expands on this information by demonstrating an increase in shear stress in this arterial bed. Shear stress, together with hoop stress (the force on the vascular wall that is tangential to the lumen), has been postulated to be involved in the pathogenesis of vasodilator-mediated arteriopathy (Joseph 2000) . While shear stress and blood flow were demonstrated to increase in the SMA, the resulting shear and flow patterns in the secondary branches of the mesenteric arteries were not studied here because of ultrasound resolution limitations. Therefore, it is not known whether the secondary and smaller branches of mesenteric arteries were subjected to the types of altered flow and disturbed shear that could contribute to lesion formation. It is also not known whether the flow pattern in the SMA in the current study was disturbed, or the magnitude of the disturbance. A recent study in dogs administered the potassium channel opener, ZD6169, or the endothelin receptor antagonist, ZD1611, demonstrated that both drugs induced very substantial changes in bidirectional oscillatory flow patterns in coronary blood vessels with increased velocity during the cardiac cycle that preceded vascular injury (Jones, Bjorkman, and Schofield 2013) . Because all the compounds tested here are vasodilators, and rat mesenteric resistance arteries are sensitive to vasodilators (Lappe, Todt, and Wendt 1986) , we suspect that the secondary and lesser branches of the mesenteric vascular bed are likely dilated. Vasoconstrictors such as midodrine and methoxamine are also known to induce vascular lesions in rat mesenteric arteries (Dalmas et al. 2011) . It is hypothesized that administration of a vasoconstrictor would be accompanied by decreased blood flow in the SMA due to vasoconstriction of the downstream mesenteric resistance arteries. Studies are ongoing to determine ultrasound imaging correlates to these types of vasoconstrictors (a-adrenergic agonists).
The CI-1044 data presented herein are inconsistent with a previous study in rats at similar dose levels, in which flow changes of *2-fold (compared to controls) were observed in mesenteric arteries 4 hr post-dose using an indirect blood flow measurement with microbeads (Korkmaz et al. 2009 ). In the current study, there were slight increases in PSV (*22%) and decreases in EDV (*À20%) at 24 hr after treatment with CI-1044. It was expected that CI-1044 would cause larger increases in blood flow parameters in the current study; the reasons for the discrepancies between the studies are not fully understood. However, it should be noted that there were also no microscopic findings with CI-1044 in this study. Some inconsistencies have been observed in the response to CI-1044 across studies in our laboratory, and occasionally lesions are not apparent until 48 hr after dosing. The lack of microscopic findings, together with slight changes in flow parameters, may indicate that a potential threshold (magnitude and/or duration) in flow or shear is needed to elicit microscopic evidence of vascular lesions. Therefore, it is feasible that the slight nonsignificant increase in PSV observed with CI-1044 represents a subthreshold DIVI value. Further studies may help define the threshold blood flow and vascular parameters that lead to microscopic findings. Moreover, the use of anesthesia in the current study needs to be considered when comparing these data to other published work. More studies may be needed to explore the effects of anesthesia on blood flow in this paradigm.
Common mechanisms likely underlie DIVI produced by vasoactive drugs in rats and recent reports have detailed a link between nitric oxide (NO) and these preclinical vascular lesions in mesenteric arteries. NO is a potent vasodilator, and vascular injury caused by vasoactive drugs may be the result of exaggerated pharmacology partially, or fully, mediated by NO signaling (Brott, Richardson, and Louden 2012) . A role for NO in the pathogenesis of DIVI has been suspected due to the correlation between elevated levels of serum nitrite and vascular injury in SD rats treated with CI-1044 (Sheth et al. 2011) . Studies conducted in separate laboratories with CI-1044 or fenoldopam demonstrate that addition of a NO donor will exacerbate DIVI lesions, while a nitric oxide synthase (NOS) inhibitor will ameliorate the formation of vascular lesions (Brott, Richardson, and Louden 2012; Sheth et al. 2011 ). These independent reports suggest the possibility of a common mechanism for drugs that cause vascular injury. The specific mechanism that explains NO mediation of vascular injury in rats has not been identified and applying these ultrasound imaging approaches to similar studies with NO donors and inhibitors could help establish the contribution of NO to the altered hemodynamics associated with DIVI.
The findings described here represent an initial step toward a noninvasive functional imaging marker for DIVI. The translation of an ultrasound-based hemodynamic measurement from the preclinical toxicity setting to the clinic will be made easier by the widespread use of ultrasonic imaging techniques for quantification of FMD in the clinic. In the clinic, brachial artery FMD is used as an indicator of endothelial dysfunction and cardiovascular disease risk, and reductions in brachial FMD are correlated with elevations of circulating biomarkers of inflammation (Alber et al. 2007; Charakida et al. 2010; Filer et al. 2003; Kathiresan et al. 2006 ). Furthermore, a technique for ultrasonic assessment of FMD in femoral arteries has been described for rats (Heiss et al. 2008 ). However, rat femoral arteries are much less sensitive to DIVI producing vasodilators such as CI-1044 when compared to mesenteric resistance arteries, so the suitability of this model for DIVI would require further study (Korkmaz et al. 2009 ). More research is also needed to determine if preclinical DIVI results in endothelial dysfunction that is widespread and can be sensitively measured in vessels distant from the site of the lesion such as with FMD, or whether the endothelial dysfunction is localized to the affected arteries or vascular beds.
In conclusion, preclinical DIVI is frequently associated with compounds that have a primary or secondary hemodynamic effect in toxicity studies. This association has been documented for vasodilators of different pharmacological classes, including potassium channel openers, PDE3 inhibitors, PDE4 inhibitors, D 1 agonists, and endothelin antagonists. A common feature of these compound classes is increases in regional blood flow at sites of predilection for induction of arteriopathy. In this report, we 790 SWANSON ET AL. TOXICOLOGIC PATHOLOGY describe a noninvasive method for measuring changes in regional hemodynamics in rats and demonstrate that these alterations occur early and precede microscopic findings of vascular injury. Changes in vascular tone, function, or physiology can be easily measured in preclinical studies and integrated with histopathology results to potentially monitor early onset, progression, or reversibility of DIVI caused by small molecules with vasoactive properties and perhaps effects with other pharmacologic classes of compounds. This technology can also be used to investigate the mechanism of action of vascular lesions if altered blood flow is suspected as the underlying causal factor in the pathogenesis. The approach described here may also have potential use as part of a preclinical screening strategy to identify candidates in chemical series that lack specific vascular changes or identify candidates with expanded safety margins for vascular liabilities.
